Aim-To assess the topographical relation between gastric glands, using the minimum spanning tree (MST), to derive both a model of neighbourhood and quantitative representation of the tissue's architecture, to assess the characteristic features of gastric atrophy, and to assess the grades of gastric atrophy.
Gastric mucosa is made up of structural and functional glands. The normal mucosa of the body of the stomach is made up of tightly packed glands with short foveolae. The normal antral mucosa consists of deep foveolae with larger glands than those of the body mucosa. The glands in both body and antrum are closely adjacent with each other and use space in an optimal way with respect to their specific function and the surrounding lamina propria. The topographies of gastric glands in either the body or the antrum must be considered to be linked to morphogenesis, structural stability, and functional status.
Gastric atrophy is defined by loss of glandular tissue. However, the presence of oedema, inflammatory cellular infiltrate, and lymphoid follicles in the lamina propria may lead to displacement of the glands, making the evaluation of gastric atrophy rather diYcult in certain cases. In the Sydney system of classification of gastritis, atrophy was graded semiquantitatively into three grades. 1 2 Although other graded variables of this system can be evaluated with a reasonable degree of accuracy, 3 the interobserver degree of agreement for atrophy may not be satisfactory. There is therefore a need for a quantitative method to reduce interobserver variation.
Syntactic structure analysis is a technique based on the graph theory. It is used to analyse morphometric features in a two dimensional space by measuring properties of the structures, and by analysis of the geometrical relations between the structures. 4 5 It is used to obtain quantitative information about tissue architecture. This technique has many applications in histology and cytology. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] In histopathology, syntactic structure analysis has been used to diVerentiate mesothelioma from metastatic carcinoma of the pleura 10 and provides clinically relevant information in carcinoma of the lung, [14] [15] [16] prostate carcinoma, 15 colonic adenoma and carcinoma, 12 colonic dysplasia, 16 carcinoma of the breast, 9 endometrial carcinoma, 17 and soft tissue neoplasms. 18 To the best of our knowledge, no study using syntactic structure analysis has been described previously assessing gastric atrophy.
Our approach is an attempt to study the glandular population at the "sociological" level-that is, at the level of the spatial organisation in interrelationship with the gastric mucosa in a normal healthy stomach, and in chronic inflammation with and without atrophy. We sought also to assess the characteristic features of gastric atrophy and to grade atrophy into two grades.
Methods
Gastric biopsy specimens from patients (n = 126) with ulcer and non-ulcer dyspepsia were used. The pathological changes were divided into five diagnostic categories (table 1) : normal, chronic gastritis without atrophy, and chronic gastritis with grade 1, grade 2, and grade 3 atrophy (Sydney system for classification of chronic gastritis 1 2 ). Specimens were fixed with 4% formol saline. Haematoxylin and eosin sections were analysed (5 µm thickness). The theoretical basis of syntactic structure analysis has been extensively discussed before. 6 7 13 19−22 Syntactic structure analysis was performed in at least 10 fields using a ×4 objective. Under this magnification, the microscopic field contained the entire thickness of the mucosa. To avoid the boundary eVect, the area of measurement did not include the superficial epithelium of gastric mucosa and areas with lymphoid follicles and occasional areas with straight long glands were also excluded.
Sections were cut at a perpendicular and tangential angle and included the superficial epithelium and muscularis mucosae. Each slide contained three to five sections (9-15 sections were examined). The centre of gravity of all glands was interactively marked on a video screen using a cursor. Using this set of points, the computer composed the minimum spanning tree (MST). The following syntactic structure features were derived from the MST compound in each field: number of points; length of the MST; average length; minimum length; maximum length; and number of points with one, two, three, four, and five neighbours. The average length is obtained by dividing the total length by the number of points. For each of these, the mean, standard error, and standard deviation were calculated, together with other MST features: the Wiener index, the Randic connectivity index, and the Balaban centric index. The changes in volume of the gastric glands were assessed by the Weiner index, the shape of the glands was assessed by the Randic index, and the degree of branching and irregularity of the glands was assessed by the Balaban index. The reciprocal values of these indices were used since the study describes a declining population of glands, unlike tumours where the population of cells or glands is increasing in exponential phase.
Syntactic structure analysis was performed using the PRODIT digitising interactive video overlay system (BMA, The Netherlands) which is composed of a CD camera mounted on a Nikon microscope (Labophot 2), connected to a video screen in a personal computer and special software.
STATISTICAL ANALYSIS
The mean and standard deviation values were obtained using a software program (SPSS for Windows 6.1). Analysis of variance (ANOVA) was used to derive p values (assuming normally distributed data). The level of significance was set to p < 0.05. The intraobserver reproducibility was tested in two ways. First, the intrafield variation was tested by measuring five fields from one patient and each was measured five times. Second, five patients were measured twice. The reproducibility was calculated for MST. This was 97% for the intrafield variation and 95.6% for the intraobserver variation. The values of MST features, connectivity indices, and reciprocal of Wiener, Balaban, and Randic indices for grade II gastric atrophy (Sydney system) were divided into two groups in relation to the median values. Values below the median were computed to the corresponding values of grade I atrophy (low grade atrophy) and all the values above the median were regrouped with grade III atrophy (high grade atrophy). The statistical significance between these two grades was also obtained.
Results

MORPHOLOGICAL FEATURES
Figures 1 and 2 show histological sections from normal body and antrum respectively. . Figure 10A shows the number of points, in both body and antral mucosa, in the three grades system. The number of points in body-type mucosa was reduced from 168 in normal to 108 in inflamed mucosa without atrophy and to 30 with grade III atrophy. Similar changes were seen in antral mucosa. The diVerences between groups was highly significant (p < 0.001). Figure 10B shows the standard deviation of the MST in both body and antral-type mucosa. In normal and inflamed mucosa the points are situated very close to each other. In gastric atrophy there is a wide scatter of the points leading to increase in SD (p < 0.001). The average of the MST in both types of mucosa is shown in fig 10C. There was a significant increase in the average values of MST from normal mucosa to grade III gastric atrophy (p < 0.001). The number of neighbours connected to each gland is shown in fig  11. In antral mucosa the connectivity to two glands was the highest. The connectivity for two neighbours was reduced from 90 in normal mucosa to 40 in grade I and to 30 in grade III atrophy. (The p value for connectivity to two glands was < 0.001 for body and antral mucosa.)
The reciprocal values of Wiener, Randic, and Balaban indices for body and antral mucosa are 
Quantitative assessment of gastric atrophy
shown in fig 12 A , B, and C, respectively). There was a significant change in the volume of the glands from normal to grade III atrophy in both body and antral mucosa (p < 0.001). The Randic connectivity index showed significant changes in the shape of the glands from normal to grade III atrophy (p < 0.001). The Balaban index showed significant changes in branching and irregularity of the glands with the increased grade of atrophy in both body and antrum (p < 0.001).
TWO GRADE SYSTEM OF GASTRIC ATROPHY
The results of reclassifying quantitative features of gastric atrophy into a two grade system, low grade and high grade, are shown in table 2. There was a twofold decrease from low to high grade in the number of points in the 
Figure 8 A screen picture from normal body mucosa (A), and chronic gastritis with grade I (B), grade II (C), and grade III atrophy (D), illustrating the features of the minimum spanning tree. The total distance between the glands represents the total length of the tree.
×4 objective was used Figure 9 The total length of the minimum spanning tree in body mucosa and antral mucosa in normal, chronic inflammation without atrophy and with grades I, II, and III atrophy. Normal Atrophy grade I body mucosa (p < 0.001), and a 1.5-fold decrease in this value in the antrum (p < 0.001). The connectivity to two glands was significantly reduced by 1.5-fold from low grade to high grade atrophy in both body and antrum (p < 0.001).
The reciprocal values of all indices (Wiener, Balaban, and Randic) were significantly reduced by 1.5-to threefold from low grade to high grade atrophy (p < 0.001 in all cases) indicating significant changes in the volume, shape, irregularity, and branching of the glands in gastric atrophy.
Discussion
Gastric atrophy is defined by loss of glands resulting from inflammatory erosion and ulceration of the gastric mucosa. It is most commonly seen in long standing Helicobacter pylori associated gastritis and idiopathic gastritis. Gastric atrophy in both antrum and body of the stomach may be classified into three grades. 1 In this study we have used a quantitative approach to assess gastric atrophy. Most quantitative techniques operate on high resolution levels and provide information on cellular, nuclear, and nucleolar features. Stereology and syntactic structure analysis are low resolution techniques that can yield quantitative data on tissue architecture. In this technique the cutting angle has particular significance. Although the regularity of the position of glands in normal gastric mucosa is independent of the cutting angle, in this stereological syntactic technique, whether the angle is perpendicular or tangential has a marked bearing on the quantitative parameters for the specimens. To the best of our knowledge, this is the first study analysing the geometrical connection between gastric glands at low magnification. The advantage of using a low magnification (×4 objective) is that it allows us to scan a large area of the specimen. Using a similar procedure at low magnification, Kayser et al obtained significant results for differentiating adenoma from carcinoma of the colon. 12 This is the first study to describe the changes in the population of glands in decline. Most other studies 10-18 21 have employed the technique to study changes in exponential growth pattern in premalignant conditions and cancer.
Our study has shown significant diVerences in several features of syntactic structure and total length of the minimum spanning tree, which indicate loss of gastric glands that characterise gastric atrophy. In normal and inflamed gastric mucosa the crypts are closely related to each other with respect to their geometrical properties. However, in chronic gastritis with atrophy, there is loss of glands with wide scatter of the remaining glands, indicating variation in the distance between the glands and in the length of the minimum spanning tree. The study showed that the connectivity between gastric glands is reduced by 50% in grade I and 60% in grade III gastric atrophy. The loss of connectivity could be explained by the inflammatory changes in the lamina propria but was caused by the actual loss of epithelial tissue within the mucosa.
As well as demonstrating changes in the number of glands and their geometric relationship, our study has shown that there was no variation in the size of the glands in normal mucosa, minimal variation in inflamed mucosa, and marked variation in gastric atrophy. This would indicate that the process of atrophy varies between glands and groups of glands. Another feature of the mucosa in gastric atrophy was the change in the shape of the gland, which became more marked with the increasing grade of atrophy. When regeneration occurs after loss of glands and inflammation, some of the crypts become irregular and "branched", as the change in the Balaban index has shown. In the original Sydney system of classification of chronic gastritis, atrophy was graded into three grades. 1 2 In the updated Sydney system, gastritis was classified as atrophic and non-atrophic. 23 The degree of agreement among gastric pathologists in the grading of morphological features of H pylori gastritis is reasonable. However, the interobserver agreement for grading atrophy is often poor. 3 We have therefore attempted to divide gastric atrophy into two grades, low grade and higher grade. The study has shown almost complete separation in the quantitative values of atrophy between these two grades. Although recognising low grade gastric atrophy is diYcult by morphological assessment, 23 quantitative analysis can easily show the minor features of atrophy. It is generally believed that high grade gastric atrophy associated with intestinal metaplasia and dysplasia has prognostic clinical significance. 24 25 A minor degree of gastric atrophy may not have any clinical significance, and its natural history is diYcult to evaluate. It is therefore important to divide gastritis into non-atrophic and atrophic types and to grade gastric atrophy with a reasonable degree of accuracy. In addition to distinguishing minor degrees of atrophy from high grade atrophy, quantitative methods would improve the documentation of gastric atrophy and serve to reduce interobserver variation.
We conclude that syntactic structure analysis is an objective quantitative technique for assessing gastric atrophy. Atrophy of both corporal and antral gastric mucosa was characterised by loss of glands, irregularity of spacing, and abnormality of the shape of the glands. Regrading gastric atrophy into low grade and high grade may help in diVerentiating minor degrees of atrophy (which have no clinical significance) from high grade atrophy which does have clinical significance.
